Purpose of Review In this review, we discuss the key molecular and clinical developments in VHL disease that have the potential to impact on the natural history of the disease and improve patient outcomes. Recent Findings Identifiable mutations in VHL underlie most cases of VHL and define clear genotype-phenotype correlations. Detailed clinical and molecular characterisation has allowed the implementation of lifelong screening programmes that have improved clinical outcomes. Functional characterisation of the VHL protein complex has revealed its role in oxygen sensing and the mechanisms of tumourigenesis that are now being exploited to develop novel therapies for VHL and renal cancer. Summary The molecular and cellular landscape of VHL-associated tumours is revealing new opportunities to modify the natural history of the disease and develop therapies. Drugs are now entering clinical trials and combined with improved clinical and molecular diagnosis, and lifelong surveillance programmes, further progress towards reducing the morbidity and mortality associated with VHL disease is anticipated.
Introduction
von Hippel-Lindau (VHL) disease is an autosomal dominant multisystem cancer predisposition disorder caused by germline mutations in the VHL tumour suppressor gene [1, 2] . Up to 20% of cases are due to de novo pathogenic variants and therefore have no family history [3] . VHL disease demonstrates age-dependent and incomplete penetrance and variable expression [4] [5] [6] . The most common tumours associated with VHL disease are retinal and central nervous system haemangioblastomas (in the cerebellum, brain stem or spinal c o r d ) , c l ea r c e l l re n a l c e l l c a r c i n o m a (c R C C ) , phaeochromoctyma/paraganglioma (PPGL), non-secretory pancreatic neuroendocrine tumours and endolymphatic sac tumours [4, 6] (see Table 1 ). Visceral (renal, pancreatic and epididymal) cysts occur frequently and may suggest the diagnosis when they are detected in combination with a VHLrelated tumour [6] .
Comprehensive reviews of the historical, clinical and molecular aspects of VHL disease and the VHL tumour suppressor gene (TSG) have been published in the past 5 years [1, 2] . In this brief review, we discuss some of the key molecular and clinical aspects of VHL disease and highlight some of the recent relevant literature focussing on developments that have the potential to impact on the natural history of the disease and improve patient outcomes.
Genetics of VHL Disease
VHL disease is caused by monoallelic pathogenic variants in the VHL tumour suppressor gene which maps to chromosome 3p25 [1, 7] . VHL disease causing VHL variants are heterogeneous and include single or multi-exon deletions (30-40% of cases), truncating mutations (~30% of case) and missense variants (~30%) [5, 8] . The VHL gene encodes two proteins, a full length 213 amino acid protein and a shorter one that is translated from a second initiation site at codon 54 (pVHL 30 and pVHL 19 respectively). Loss of function variants that impact on both proteins are pathogenic and no phenotype has been associated with variants that only alters the longer form [8] (Fig. 1 ). Genotype-phenotype correlations are a wellrecognised feature of VHL disease (see Table 2 ). VHL type 1 disease is associated with the development of retinal and CNS haemangioblastomas and cRCC but rarely PPGL and pathogenic variants in this group of patients are usually exon deletions, truncating variants or missense variants that are predicted to destabilise pVHL [1, 2] . VHL type 2 disease is associated with frequent PPGL and the pathogenic variants detected are most often missense substitutions at pVHL surface residues. Type 2 VHL disease is further subdivided into type 2A (PPGL, haemangioblastomas but not RCC), type 2B (PPGL, haemangioblastomas and RCC) and type 2C (PPGL only) and specific missense substitutions can be found in each subtype [1, 2] . A further genotype-phenotype correlation is the association of congenital polycythaemia with specific biallelic missense variants (e.g. p.Arg200Trp) [9] .
Clinical diagnostic criteria for VHL disease (e.g. a typical VHL type tumour in an individual with a family history of VHL disease or in sporadic cases two haemangioblastomas or a haemangioblastoma and a visceral tumour) can lead to under or late diagnosis of VHL disease particularly in patients without a family history but the availability of routine molecular genetic testing for more than two decades has therefore enabled accurate and earlier diagnosis [6] . A molecular diagnosis can be made 95% or more of individuals with a clinical Fig. 1 Distribution of germline variants across the VHL coding sequence in patients diagnosed with von Hippel-Lindau disease. Data extracted from the missense and in frame deletion ("missense/IFD") and nonsense/frameshift variants ("truncating"). Data extracted from http:// vhldb.bio.unipd.it/mutations [8] diagnosis of VHL disease. To date, there is no evidence for locus heterogeneity and, with the increasing use of next generation sequencing techniques, the suspicion that a proportion of cases without a molecular diagnosis are mosaic for a pathogenic variant in peripheral blood has been confirmed. Interestingly, though it might be predicted that mosaic cases might more mildly affected, low levels of mosaicism have been reported in individuals with a classical VHL disease phenotype [10, 11] . Less commonly, promoter region variants have been reported to be pathogenic [12] . Recently, intronic variants or synonymous variants in exon 2 (of three VHL exons) have been reported to result in dysregulated splicing and cause VHL disease, familial phaeochromocytoma and, when homozygous/compound heterozygous state, with erythrocytosis [13•, 14] . These novel findings suggest that mutation negative individuals in whom VHL disease is strongly suspected should be now re-evaluated for further genetic testing. Somatic mutation testing may eventually help define disease in the very small number of cases with no evidence of mosaicism in blood.
Mechanisms of Tumourigenesis in VHL Disease and Sporadic VHL-Related Tumours
Prior to the identification of the VHL TSG, statistical analysis had demonstrated that the ages at onset of cerebellar haemangioblastomas and RCC in VHL disease and sporadic cases were consistent with a one-hit and two-hit model of tumourigenesis (as in retinoblastoma) [15] . Subsequent molecular studies confirmed this with somatic inactivation occurring in most clear cell RCC and in tumours from patients with VHL disease, the somatic inactivation of VHL is present as second hit [16] [17] [18] [19] . CN S haemangioblastomas comprise a mixture of stromal cells, pericytes, endothelial cells and lymphocytes. Though the neoplastic component is the stromal cells, these only account for~20% of the tumour [20] . Deep sequencing has demonstrated that, as in sporadic cRCC, somatic VHL inactivation can be detected within the stromal cells in most sporadic haemangioblastomas [21] . Phenotypic variability is a prominent feature of VHL disease and, in addition to allelic heterogeneity, genetic modifier and stochastic events have been implicated [5, 22] . Analysis of somatic variants from multiple cRCC from individuals with VHL disease has confirmed that they are clonally independent but also that within-patient patterns are identifiable, implicating a role for genetic background and environmental effects in influencing the acquisition of somatic mutations [23] . Whilst biallelic VHL inactivation is apparently necessary for tumourigenesis, in most sporadic clear cell RCC (cRCC, the most common type of RCC), current models of tumourigenesis specify that VHL inactivation alone is not sufficient to for tumourigenesis. In addition to somatic VHL mutations, most cRCC demonstrates loss of the short arm of chromosome 3 that extends far centromeric (e.g. to 3p12 or 3p14) to VHL at 3p25 [24] [25] [26] [27] . These large 3p deletions will result in loss of one allele of other 3p TSGs such as the epigenetic regulators BAP1, PBRM1 and SETD2 and somatic mutations in these genes can be detected in many sporadic cRCC [28] [29] [30] [31] . A number of recent studies have looked at the relationship between VHL and BAP1 or PBRM1 inactivation. In a mouse model, a combination of Vhl −/− and Bap1 +− deficiency in nephron progenitor cells resulted in multiple renal cysts and tumours (similar to kidneys in VHL disease) whereas Vhl −/− mice did not develop cRCC [32] . Similarly, in cellular and mouse models, loss of PBRM1/Pbrm1 in addition to VHL/Vhl was oncogenic [33] [34] [35] . In a seminal study, Mitchell et al. [36••] reported that the most frequent cause of chromosome 3p loss in cRCC is a chromothrypsis-associated rearrangement between 3p and 5q that resulted in loss of 3p and gain of 5q. It was estimated that the t(3;5) initiating event occurred early in life (childhood/ adolescence) in the majority of cases, preceding other driver mutations and 30-50 years before the diagnosis of RCC [36••] . In a reanalysis of genome data from VHL disease RCC, there was a similar frequency of t(3;5) and age-related rate of accumulation of somatic mutations as in sporadic cRCC [23, 36••] . Though it was predicted that both VHLrelated RCC and sporadic cRCC would be initiated by biallelic VHL inactivation [15] , the first event in VHL RCC is a germline VHL mutation whilst in sporadic cRCC, the first event appears to be 3p loss and then a somatic VHL mutation [36••] . Intriguingly, it has been suggested that because of the long latency between 3p loss and clinical cRCC, it might be possible to prevent the later development of cRCC by therapeutic targeting of cells harbouring a 3p deletion [36••] .
pVHL Function and Oncogenic Drivers of Tumourigenesis
Following the identification of the VHL TSG in 1993, there were no clues to likely pVHL function from the primary protein sequence but, after reports that pVHL-deficient cRCC cells showed abnormal levels of hypoxia-responsive mRNAs (e.g. VEGF, PDGFB, GLUT1) in both normoxic and hypoxic conditions, Maxwell et al. [37] demonstrated that pVHL had a critical role in regulating the expression of the αsubunits of the hypoxia-inducible transcription factors, HIF-1 and HIF-2 [1, 38] . Further studies have shown that pVHL functions as the target binding component of an E3 ubiquitin ligase complex that also contains elongin C, elongin B, cullin 2 and RBX1 (VCB-CR complex) [39] [40] [41] [42] [43] (see Fig. 2 ). In normoxic conditions, the β-domain of pVHL binds to the oxygen-dependent degradation domains of HIF-1α and HIF-2α resulting in polyubiquitination and proteasomal degradation of the HIF α-subunits [37] [38] [39] [40] [41] [42] [43] . The ability of pVHL to bind to the HIF α-subunits is dependent on hydroxylation of two conserved proline residues. Oxygen is an essential cofactor for the proline hydroxylation enzymes (PHD1, PHD2, PHD3) and under hypoxic conditions, the HIF-α subunit proline residues are not hydroxylated, pVHL is therefore unable to bind and HIF-1 and HIF-2 are stably expressed and hypoxic gene response pathways (> 200 genes) are activated [44, 45] . Biallelic VHL inactivation in tumour cells mimics the effect of hypoxia and the resulting transcriptional response is thought to drive both angiogenesis and oncogenesis. HIF-1 and HIF-2 have overlapping but different transcriptional targets and there is evidence that HIF-2 is the primary driver of oncogenesis (some studies suggest that HIF-1 is antioncogenic) [46] [47] [48] .
The complex genotype-phenotype correlations observed in VHL disease might suggest multiple and tissue-specific pVHL functions and many HIF-dependent and HIFindependent functions have been described including regulation of extracellular matrix assembly, microtubule stability, primary cilium signalling, cell cycle progression, senescence and apoptosis and cellular metabolism (see 1, 38, 49 and reference within). In addition to HIF-1 and HIF-2 and other components of the VCBC-R complex, pVHL has been reported to interact with TP53 and absence of pVHL is associated with reduced levels of TP53 [49] .
There has been considerable interest in identifying proteins, in addition to HIF-1 and HIF-2, that the VCBC-R complex might regulate. Recently, Zhang et al. [50• ] undertook a screen to identify candidate proline-hydroxylation-dependent pVHL-binding partners. A candidate TSG, ZHX2 was identified from the screen and confirmed to be targeted for p r o t e a s o m a l d e g r a d a t i o n b y p V H L i n a p r o l y l hydroxylation-dependent manner. Further experiments demonstrated that expression of ZHX2 (Zinc fingers and homeoboxes 2) was upregulated in pVHL-deficient cRCC tumour cells and was oncogenic suggesting that ZHX2 could provide a novel target for the development of therapies for cRCC [50•] .
The structure of the VCB complex has been elucidated and two coupled pVHL domains identified, an α-domain that interacts with elongin C and a β-domain that functions as the substrate docking site and binds to HIF-1a [41] . The prototypic VHL disease type 2A (p.Tyr98His) and type 2B (p.Arg167Trp/p.Arg167GLn) mutations (see Table 2 ) disrupt respectively the HIF-1α/β-domain and the elongin C/α-domain binding sites. In a recent study, Minervini et al. [51] used computational modelling to propose that five different interfaces of pVHL can be delineated and, using published data from 360 VHL mutations and 59 proposed pVHL interactors, they attempted to correlate the phenotypic effects of VHL missense variants with their effect on the various interactors. These findings will provide a framework for functional studies aimed at determining the molecular basis for the complex genotype-phenotype correlations observed in VHL disease and VHL-related polycythaemia disorders.
Despite the evidence for multiple roles of pVHL, regulation of HIF-1 and HIF-2 remains the best characterised and most strongly linked to tumourigenesis. Previously, it was demonstrated that it was possible to overcome the growth suppressor activity of pVHL in cRCC cells by transfecting a modified HIF-2 protein that did not bind pVHL [52] . Furthermore, the clinical utility of tyrosine kinase inhibitors which antagonise the downstream effects of activation of the hypoxic gene response pathway in metastatic RCC is well established (although progression-free survival is increased, they are not curative [53] it could be postulated that more upstream inhibition of the pathway might be more effective.
Whilst it was initially thought that the HIF transcription factors were undruggable, using knowledge of the HIF-2 structure, small molecule selective HIF-2 antagonists, PT2399 and PT2385, were developed which suppressed the binding of HIF-2a to its dimerization partner ARNT/HIF-1B [54, 55••, 56••]. The inhibitors were demonstrated to suppress the growth of VHL-deficient cRCC cells in in vitro and in vivo models though some VHL-mutant tumours were resistant to treatment and prolonged treatment could lead to resistance through the acquisition of mutations in HIF-2a and HIF-1B [55••, 56••]. Subsequently, a phase 1 first-in-human study of PT2385 was reported in patients with previously treated advanced or metastatic RCC and found to be well tolerated (anaemia was the most common side effect). In 50 patients, complete response, partial response, stable disease and tumour progression were observed in 2%, 12%, 52% and 34% respectively [57•].
Management of VHL Disease

Tumour Surveillance Protocols
Large clinical studies demonstrating that the lifetime risks of retinal and cerebellar haemangioblastomas and cRCC in individuals with VHL disease exceeded 70% led to the recommendation that affected individuals and their at risk relatives should be offered annual screening from childhood [4, 6] . Whilst screening protocols may differ between centres and countries, there is clear evidence that surveillance reduces morbidity and mortality in individuals with VHL disease [58] . A recent UK national audit of centres treating patients with VHL disease (Sandford unpublished observations) showed complete compliance with a previously published screening protocol [6] though there was some variation in whether ultrasonogrophy (USS) or MRI scans are used for annual abdominal screening. Our own policy is to use annual Magnetic Resonance Imaging (MRI) screening but at a recent UK Cancer Genetics Group meeting the consensus was to start annual abdominal screening between 14 and 16 years by USS, and from age 16 years, alternate annually between MRI and USS (see CGG Spring Meeting Workshop 2019 at https://www.ukcgg.org/information-education/ukcggconsensus-meetings/). A notable transformation in the management of VHL disease in the last three decades has been in relation to the early detection and treatment of r e t i n a l h a e m a n g i o b l a s t o m a s a n d R C C . A n n u a l ophthalmological surveillance and early treatment of small retinal haemangioblastomas has been adopted worldwide (though optic nerve haemangioblastomas may present difficult treatment decisions) [59] . Similarly, annual renal imaging has enabled early detection of tumours and there has been worldwide acceptance of the "3-cm rule". Small asymptomatic solid renal lesions are followed until they reach 3-cm diameter and are then treated using a nephronsparing approach such as partial nephrectomy, radiofrequency or cryo-ablation [60, 61] . The high incidence of multicentric RCC in VHL disease means that patients may require multiple interventions but a "nephron-sparing strategy" has reduced the need for renal replacement therapy in patients with bilateral synchronous or metachronous RCC [60] [61] [62] .
Although the need for annual surveillance programmes for patients with VHL disease is universally agreed and adopted, there is some variability in the fine details of surveillance programmes (e.g. age at which surveillance should commence, frequency of screening for CNS haemangioblastomas and screening for rare manifestations) and what follow-up should be offered to individuals with an apparently sporadic CNS haemangioblastoma and no detectable VHL mutation. It is likely that many, especially older, cases of CNS haemangioblastoma are not routinely offered VHL gene testing at all. These differences can reflect how low levels of risk are perceived (e.g. should screening start dates be based on exceptional early onset cases or a specific risk threshold-and if so, should this be 1%, 2% etc.) and, for rarer manifestations, limited data on which to base a decision. Within UK centres, there is variability in screening for pancNETs and ELSTs. Pancreatic tumours occur in~10-15% of patients and previously, it has been suggested that pancNETs in VHL disease should be removed when they reached a diameter of 2-3 cm [63] . However, it is important to avoid overtreatment and to distinguish between cystadenomas (which do not require removal) and pancNETs. In a recent multicentre international study of 485 pancNETs that occurred in 273 of 2330 (11.7%) patients with VHL disease, 20% had metastatic disease [64] . Predictors of metastatic disease were a tumour diameter > 2.8 cm, high tumour growth rate and germline missense mutations at codon 167 and so the management of pancreatic lesions might be personalised according to patient-specific characteristics [64, 65] .
Though the frequency of ELST in VHL disease has been reported to be as high as 11-16% in cohorts in which ELST has been screened for [66] , a recent study reported a much lower frequency of 3.6%, with ELST being the initial manifestation of VHL in 32% of these cases [67] . This latter figure is more consistent with the frequency in UK centres (Sandford et al. unpublished) .
A concern for many women with VHL disease is whether pregnancy might lead to a hastening of tumour growth. In our experience, this has not occurred but in the literature, there are case reports of women presenting during pregnancy with a symptomatic haemangioblastoma. A recent report from Denmark provides some reassurance regarding pregnancyrelated risks as no evidence was found that pregnancy aggravated the development of VHL tumours [68] . Though this was a small study (17 women completed 30 pregnancies), it is in accordance with our own practice in which we organise baseline scans in women who are planning to become pregnant and do not perform more frequent surveillance during pregnancy if there is no evidence of tumours.
Therapeutic Options in VHL Disease
In cases of VHL disease undergoing annual surveillance, the early detection and treatment pathways for symptomatic retinal haemangioblastomas and cRCC are well established (see above). For central nervous system haemangioblastomas, the detection of an asymptomatic lesion will usually not result in surgical removal as the risks of intervention and neurological deficit need to be balanced against the possibility that the haemangioblastomas may remain asymptomatic and static or slow growing. Hence, regular monitoring will usually be initiated and surgery delayed until symptoms develop (haemangioblastomas associated with a cyst are more likely to become symptomatic). Radiosurgery has been used with some success in some centres as an alternative to neurosurgical removal [69] but the management of patients with multiple or recurrent haemangioblastomas, particularly in the spinal cord or brain stem, can be extremely challenging and the availability of effective medical approaches would be a major advance. Though there have been suggestions that the widelyused beta-blocker propranolol [70, 71] or the somatostatin analogue ocreotide [72] might provide a potential therapeutic option, there are no reports from prospective well-powered clinical trials. Tyrosine kinase inhibitors such as sorafenib, sunitnib and pazopanib have been show to extend progression-free survival in metastatic cRCC (see above) and seemingly should provide an option for systemic treatment in patients with VHL disease. In a prospective phase 2 clinical trial of pazopanib, Jonasch et al. [73• ] treated 31 patients with pazopanib and observed a partial response in 42% of cases with the remaining having stable disease as the best response. The results varied by tumour site with 52% of RCC (n = 59, median shrinkage = 40.5%) and 53% of pancreatic lesions (predominantly serous cystadenomas) (responding but only 4% of CNS haemangioblastomas (n = 49, median shrinkage = 13%)). It is not clear whether long-term pazopanib treatment would alter the growth trajectory of CNS lesions and pazopanib treatment is associated with significant side effects that may require cessation of treatment. Nevertheless, this single-arm trial does suggest that systemic therapy with pazopanib might be an option for patients in whom more conventional therapies are not available or contraindicated. Furthermore, the work of Jonasch et al. [73•] will encourage further efforts to develop systemic treatments with improved efficacy and less toxicity. Small molecule HIF-2 antagonists are attracting great interest and an international trial is ongoing to investigate whether oral administration of PT2977 (a small molecule that is similar but more active than PT2385) to patients with small cRCC (< 3 cm) is associated with RCC and non-RCC tumour stabilisation or shrinkage (https://clinicaltrials.gov/ct2/show/NCT03401788).
Conclusions
Substantial progress has been made in our knowledge of the clinical and molecular features of VHL disease in the past 30 years [1, 2, 4] and the implementation of early genetic diagnosis, tumour surveillance programmes and agreed treatment approaches (e.g. 3-cm rule for renal lesions) has reduced morbidity and mortality [58] . Major challenges remain, and the development of non-toxic systemic therapies for VHL is a major goal yet to be achieved. However, there has been some progress towards this aim and the fundamental role that the VHL TSG plays in sporadic cRCC means that individuals with VHL disease should benefit from research and drug development that is primarily aimed at a much more common disorder. Another major aim must be to ensure that every individual with a pathogenic VHL variant is diagnosed early so that a surveillance programme can be initiated and their at-risk relatives identified and offered testing and surveillance. The molecular genetic tools for achieving this are available but in our experience, not all individuals who might benefit from genetic testing (e.g. patients with haemangioblastomas, PPGL etc.) are offered molecular analysis and this can result in later diagnosis in some cases. It is hoped that the mainstreaming of genomics testing in countries such as the UK and the international initiatives such as ClinGen [74] will improve both access to and the accuracy of genetic testing and further reduce avoidable morbidity and mortality from VHL disease.
